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THEORY . 
A  very  convenient  method  of  determin*- 
ing  the  efficiency  of  a  generator  or  motor 
is  the  retardation  method.  The  maohine  is 
brought  to  its  highest  safe  speed,  the 
excitation  is  adjusted  to  that  value  which 
it  normally  has  at  the  load  at  which  the 
efficiency  is  desired,  the  driving  power 
is  cut  off  without  disturbing  the  excit- 
ation, and  the  machine  gradually  slows 
down  as  its  stored  kinetic  energy  is 
overcome  by  the  iron  and  friction  losses. 
The  instantaneous  speeds  are  measured  at 
intervals  throughout  the  retardation  and 
a  Retardation  Curve  is  plotted  with  speeds 
as  ordinates  and  times  as  abscissae.  Runs 
are  taken  with  different  values  of  excit- 
ation and  other  retardation  curves  are 
plotted.  From  these  curves  we  obtain  the 
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Effioiency  Curve  as  will  be  explained  later. 

This  method  does  not  give  reliable  re~ 
suits  when  applied  to  small  machines,  because 
they  slow  down  too  quickly;  but  with  large 
machines,  where  the  moment  of  inertia  is 
considerable,  the  results  are  very  satis- 
raotory . 

The  energy  E  stored  in  a  body  rotating 
with  an  angular  velocity  u)  is 

•> 

E  =  1/2  W   K  (1) 

where  K  is  the  moment  of  inertia  of  the 
body.  It  is  difficult  to  calculate  the  moment 
of  inertia  of  a  body  such  as  an  armature  so 
that  it  is  desirable  to  transform  equation 
(1)  into  one  that  is  more  convenient.  The 
angular  velocity  <-0  is  proportional  to  n, 
the  speed  in  revolutions  per  minute,  or 

<>■>  =  a  n 

where  a  is  a  constant.  Substituting  we 
obtain 
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E  =  1/2  a2  ns  K 

and  since  K  is  a  constant 

E  =  1/2  0  n2  (2) 

where  C  is  a  constant  proportional  to  the 
moment  of  inertia  K. 

The  kinetic  energy  stored  in  the  rotat- 
ing armature  is  reduced  by  the  iron  and 
friction  losses  only.  Hence  the  rate  of  change 
of  stored  energy  is  a  measure  of  the  iron  and 
friction  losses  W,  so  that 

C  n2 

d   **» 

2 
W  = „  (3) 

dt 

and 

C  n2 

W  dt  =  d (4) 

2 

which  expresses  that  the  decrease  in  kinetic 
energy,  during  the  infinitesimal  time  dt, 
is  equal  to  the  work  performed  by  the  arm- 
ature in  the  same  interval  in  overcoming  the 
losses  W.  Differentiating  we  obtain 
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W  dt  =  C  n  dn 


(5) 


or 


W  =  C 


n     dn 


dt 


(6) 


Figure   1. 
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In  the  retardation  curve  shown  in  Figure  1 
the  ratio  dn/dt  is  the  tangent  of  the  angle 
A  C  B,  the  line  A  0  being  tangent  to  the  re- 
tardation curve  at  the  point  A  where  the  speed 
is  iii  If  A  B  is  normal  to  the  curve,  the  angle 
D  A  B  is  equal  to  the  angle  A  C  B  and 

D  B 


=  tan  D  A  B  =  tan  A  C  B      (7) 

A  B 

Therefore 

D  B  =  A  B  tan  A  C  B  (8) 

dn 
=  n  »  (9) 

dt 

Hence  we  see  that  D  B,  which  is  known  as 

the  subnormal,  is  numerically  equal  to 

dn 

n  --  and 
dt 

I  =  C   (D  B)  (10) 

or  the  instantaneous  loss  W  at  a  speed  n 
iB  proportional  to  the  length  of  the  subnor- 
mal to  the  retardation  curve  at  the  point 
where  the  speed  is  n« 

Having  made  the  retardation  runs  we  de- 
termine the  value  of  the  constant  C  by  either 
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of  two  methods, 

(1)  The  value  of  the  loss  W  is  determined. 

(2)  The  value  of  the  loss  W  is  changed  by 
a  known  amount  w. 

In  the  first  method  we  select  one  of  the 
retardation  curves,  and  using  the  same  value 
of  excitation  as  was  used  in  obtaining  this 
curve,  we  drive  the  machine,  either  electrl- 
cally  or  mechanically,  at  a  constant  speed 
n,  measuring  the  armature  power  input.  If 
driven  mechanically,  the  iron  and  friction 
loss  W  is  of  course  the  armature  power  input, 
which  in  turn  is  the  output  of  the  driving 
machine.  This  driving  machine  may  conveniently 
be  a  calibrated  motor.  If  driven  electrically 
as  a  motor,  the  armature  power  input  must  be 
diminished  by  the  armature  copper  loss  to 
obtain  the  iron  and  friction  Iosb  W.  We  next 
measure  the  length  of  the  subnormal  to  the 
retardation  curve  at  the  point  where  the  speed 
is  n.  Knowing  W  and  the  length  of  the  sub- 
normal we  can  calculate  C  from  equation  (10). 

In  the  second  method  we  select  a  retard- 
ation curve  and  take  an  extra  retardation  run, 
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using  the  same  excitation  as  was  used  in  ob- 
taining the  selected  curve,  but  with  an  addi- 
tional known  load  w  put  on  the  machine*  We 
then  have 

1  =  C  (D  B)  (10) 

and 

W+  w  =  C  (D-l  B-l)  (11) 

where  D  B  and  D1  B^  are  the  subnormals  to  the 
selected  and  new  retardation  curves  respect- 
ively at  the  same  speeds  n.  Eliminating  we 
get 

C  = (12) 

D-lB-l  -  d  b 

The  load  w  may  be  obtained  by  closing  the 
armature  on  an  adjustable  resistance  and 
keeping  the  output  constant  by  means  of  a 
wattmeter.  Another  method  is  to  apply  a  prcny 
brake  with  a  definite  torque.  With  either 
method  w  can  be  kept  constant  throughout  a 
limited  range  of  speed  only.  This  is  unim- 
portant as  only  one  point  on  the  curve  is 
necessary. 
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The  question  is  frequently  asked,  "Is  the 
constant  C  the  same  for  all  values  of  excit- 
ation?". Obviously  it  is  the  same  as  it  is 
dependent  only  on  the  moment  of  inertia  of 
the  rotating  "body. 

Having  obtained  the  retardation  curves 
and  the  value  of  the  constant  C  we  proceed 
as  follows  to  obtain  the  efficiency  curve. 
At  a  point  on  each  curve  corresponding  to 
the  normal  speed  of  the  machine  we  construct 
the  subnormal  and  measure  it.  Multiplying  the 
lengths  of  these  subnormals  by  the  constant 
C  gives  us  the  iron  and  the  friction  losses 
corresponding  to  the  different  excitations. 
To  these  losses  we  add  the  corresponding 
armature  and  field  copper  losses;  and  knowing 
the  outputs  of  the  machine  for  the  various 
excitations  we  calculate  the  efficiencies 
for  the  various  outputs  from  the  equation 


Output 

Efficiency  = —  (13) 

Output -V-  Total  Losses 
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METHOD  OP  PROCEEDURE. 
The  retardation  method,  when  applied  to 
the  particular  set  tested,  "became  rather  in~ 
volved  due  to  the  unusual  combination  of 
machines.  The  set  consists  of  a  synchronous 
motor  direct  connected  to  two  compound  inter- 
pole  direct  current  generators  connected  in 
series.  These  generators  are  exactly  alike 
in  construction  and  rating  and  are  flat 
compounded,  hence  their  shunt  field  currents 
are  constant  for  all  loads.  Although  assumed 
to  be  go,  their  excitations  are  not  constant 
for  all  loads  due  to  the  effect  of  the  series 
turnB.  Therefore,  in  assuming  that  the  iron 
loss  is  constant  for  all  loads  we  are  in 
error;  but  we  can  make  no  correction  because 
of  the  unknown  value  of  series  excitation. 
Since  the  synchronous  motor  is  used  for  power 
factor  regulation,  its  excitation  is  variable, 
The  conditions  of  the  test  made  it  impossible 
to  determine  the  values  of  excitation  through- 
out the  range  of  load,  for  any  assumed  power 
factor.  Therefore  i$  was  necessary  to  assume 
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this  excitation  constant.  Obviously,  in 
making  this  assumption,  we  will  obtain  a 
total  iron  loss  that  is  constant,  which  we 
know  is  not  true. 

In  taking  the  retardation  runs  the  series 
connection  of  the  direct  current  generators 
was  broken  and  the  set  was  started  and 
brought  to  speed  by  means  of  the  synchron- 
ous motor,  which  starts  as  an  induction  motor. 
When  the  synchronous  motor  was  in  step  it 
was  suddenly  disconnected  from  the  alter- 
nating current  system,  and  one  of  the  direct 
current  generators,  with  its  series  field 
but  not  its  interpole  field,  disconnected, 
was  connected  to  a  direct  current  source  of 
supply.  The  direct  current  generator,  operat- 
ing as  a  shunt  interpole  motor,  was  then  used 
to  adjust  the  speed  of  the  set  to  any  desired 
value.  The  direct  current  supply  system,  not 
being  of  sufficient  capacity  for  starting 
purposes,  made  it  necessary  to  start  by  means 
of  the  synchronous  motor. 
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Having  brought  the  speed  to  the  high- 
est safe  value,  retardation  runs  were  taken 
under  the  following  conditions. 

(1)  No  fields. 

(2)  One  direct  current  generator  field 
only. 

(3)  Synchronous  motor  field  only. 

(4)  Synchronous  motor  short  circuited 
with  sufficient  field  to  give  full 
load  current. 

The  first  run  gave  the  total  friction 
and  windage  loss. 

The  second  run  gave  the  total  friction 
and  windage  loss  plus  the  iron  loss  of  one 
direct  current  generator.  This  iron  loss  is 
obtained  by  subtracting  the  friction  and 
windage  loss  in  run  (1)  from  the  total  loss 
in  run  (2).  The  iron  loss  for  both  generators 
will  then  be  twice  this  quantity. 

The  third  run  gave  the  total  friction 
and  windage  loss  plus  the  iron  loss  of  the 
synchronous  motor.  This  iron  loss  is  obtained 
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"by  subtracting  the  friction  and  windage  lose 
in  run  (1)  from  the  total  loas  in  run  (3). 

The  fourth  run  gave  the  total  friction 
and  windage  lose  plus  the  synchronous  motor 
armature  copper  loss.  This  armature  copper 
loss  is  obtained  by  subtracting  the  friction 
and  windage  loss  in  run  (1)  from  the  total 
loss  in  run  (4).  The  iron  loss  in  this  run 
is  negligible  because  of  the  very  small  field. 

In  runs  (1)  and  (4)  the  inputs  to  the 
direct  current  machine,  at  normal  speed, 
were  measured  before  the  machine  was  dis- 
connected from  the  direct  current  supply 
system.  In  run  (1)  the  input  is  the  sum  of  the 
friction  and  windage  loss  for  the  set,  the 
iron  loss  for  one  direct  current  machine, 
and  the  armature  copper  loss  for  one  direct 
current  machine.  In  run  (4)  the  input  is  the 
sum  of  the  friction  and  windage  loss  for  the 
set,  the  iron  loss  for  one  direct  current 
machine,  the  armature  copper  loss  for  one 
direct  current  machine,  and  the  armature 
copper  loss  for  the  synchronous  motor, 
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neglecting  the  synchronous  motor  iron  Iobs  . 
The  Inputs  measured  did  not  include  any  of 
the  field  copper  losses.  We  are  justified  in 
assuming  that  the  friction  and  windage  loss 
of  the  set,  the  iron  loss  of  one  direct 
current  machine,  and  the  armature  copper 
loss  of  one  direct  current  machine  are  the 
same  in  both  runs,  because  the  increased  losses 
in  the  direct  current  maohine,  due  to  the 
short  circuit  current,  are  negligible.  There- 
fore, subtracting  the  input  of  run  (1)  from 
the  input  of  run  (4)  we  obtain  the  magni- 
tude of  the  synchronous  motor  armature  copper 
loss.  This  Iosb  is  practically  constant  as 
shown  below,  so  that  we  can  obtain  the  con- 
stant C  for  the  retardation  curve  by  method 
(2),  the  additional  known  load  w  in  equa- 
tion (12)  being  the  armature  copper  loss. 

In  an  alternating  current  circuit  the 
current  I   is  given  by  the  equation 


I 
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E 

I  =  -zz^z=z=^  (14) 

F  R2  *  X2 

where  E  is  the  voltage,  R  the  resistance, 
and  X  the  reactance.  The  reactance  is  induct- 
ive so  that 

X  =  2TTf  L  (15) 

where  f  is  the  frequency  and  L  the  in- 
ductance. Therefore 


E  (16) 

I  ■ 


J  R2  *  (2  7Tf  L)2 


The  field  to  produce  the  short  circuit  cur- 
rent is  very  small,  hence  we  are  working  on 
the  straight  part  of  the  magnetization  curve. 
This  being  so,  E  is  proportional  to  f  and 

E  =  b  f  (17) 

where  b  is  a  constant.  Therefore 
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I  =  -- -  (18) 

I  R2  *  (2TTf  L)2 

In  comparison  with  the  reactance  of  the 
armature  the  resistance  is  very  small  for 
normal  frequency  and 


b 

I  = (19) 

27TL 

which  is  a  constant. 
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EPFICIENCY  FORMULA. 
Let 

P-,  =  friction  and  windage  loes  of  the 
set. 

Pg  =  iron  Iobb  of  one  direct  current 
generator. 

P3  =  iron  loss  of  synchronous  motor. 

P4  =  armature  copper  loss  of  one 
direct  current  generator. 

P5  =  armature  copper  loss  of  synchron- 
ous motor. 

Pfi  =  field  copper  loss  of  one  direct 
current  generator. 

P„  =  field  copper  loss  of  synchronous 
motor. 


Output 

Eff.  = ......... « 

Output  +  P1   4-  £P2  ■♦■  P3  +  2P4  +  P5  t  2P6  f  P? 


-    - 
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CALCULATIONS . 

Determination  of  Constant  C.  See  Plates  (2)  &  (5) 

Input  in  run  (1).  Plate  (2)   10.455  KW. 

Input  in  run  (4).  Plate  (5)   15.409  KW. 

Difference,  A.C.  Motor 
copper  loss  w  2.954  KW. 

Length  of  subnormal, 
run  (1),  normal  speed.  (D  B)      34.5  cm. 

Length  of  subnormal, 
run  (1),  normal  speed.  (D^Bj^)     45.0  cm. 

From  equation  (12) 


w  2.954 

0   = «     = =  0.276 

TJ1B1   -  D  B  45-54.5 


Calculation  of  Friction  and  Windage  Loss. 
See  Plate  (2). 

Length  of  subnormal, 
run  (1),  normal  speed.  (D  B)      34.3  cm. 

P]_  =  .276  (34.3)  =  9.467  KW. 


- 
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Calculation  of  Iron  Loss  for  one  Direct  Cur- 
rent Generator.   See  Plate  (3). 

Length  of  subnormal , 
run  (2),  normal  speed.  39.1  cm. 

Pl  +  P2  =  •276  (39»D  =      10.792  KW. 
P2  =  10.792  -  9.467  =  1.325  KW. 

Calculation  of  Iron  Loss  of  Synchronous 
Motor.  See  Plate  (4). 

Length  of  subnormal, 
run  (5),  normal  speed.  54.1  cm. 

Pl*  P3  =  *276  t54*1)  =      14.932  KW. 
P3  =  14.932  -  9.467  =         5.465  KW. 

Calculation  of  Armature  Copper  Loos  of 
one  Direct  Current  Generator. 


P4  =  Xga  V  =  2-959  KW- 

I   =  armature  current. Pun  Load  =272  Amp, 
ga 

R ,  =  armature  resistance  from 

ga 

table  (9)  =  .04  Ohms. 


:. 
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Calculation  of  Armature  Copper  Lose  of 
Synchronous  Motor.  See  Plate  (5). 

Length  of  subnormal, 
run  (4),  normal  speed.  45.0  cm. 

P1   -  P5  =  .276  (45.0)  =       12.421  KW. 

P5   =    12.421   -  9.467   =  2.954  KW. 

P5  is  also  represented  by  the 
quantity  3/2  1^  R^ 

Ima  =  full  load  arm.  current=27.2  Amp. 


2  954  =  3/2  ld      R 

ma  ma 


2 
i 
<-»\2 


3/2  (27.2)^  Rma 
R^  =  motor  arm.  res.  =       2.62  Ohms 
Hence  we  can  calculate  the  armature 
copper  loss  for  all  loads. 

Calculation  of  Field  Copper  Loss  of  one 
Direct  Current  Generator. 


P6  =  l|f  Rgf  =  .980  KW. 

I  f  =  gen.  field  current  =    3.5  Amp. 
R  f  =  (from  table  (9))  =     80.0  Ohms. 
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Calculation  of  Field  Copper  Lose  of  Syn- 
chronous Motor. 

p7  =  *»f  **f   =  -704  KW- 

■^mf  =  Motor  field  current  =   8.0  Amp. 
R^  =(from  table (9))  =       11.0  Ohms. 

These  losses  for  various  loads  are  shown 
graphically  in  Plate  (7).  All  above  calcu- 
lations are  for  full  load. 
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Weetinghouse  Eleo.  and  M'f *g.  Co., 

Direct  Current  Generator. 
75  KW.      275  Volte.      272.7  Amp. 
1200  Rev.  per  Min. 
#  798037. 
Rating  of  East  Machine. 

Westinghouse  Elec.  and  M'f'g.  Co., 

Synchronous  Motor. 
200  KVA   4000Volts  1200  Rev.  per  Min, 
3  Phase   28.9  Amp /Phase 
#  798034. 

Rating  of  Synchronous  Motor. 

Westinghouse  Elec.  and  M*f*g.  Co., 

Direct  Current  Generator. 
75  KW.     275  Volts.   272.7  Amp. 
1200  Rev.  per  Min. 
#  798036. 
Rating  of  West  Machine. 
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TO  THE  PRESIDENT  AND  FACULTY  OF  ARMOUR 
INSTITUTE  OF  TECHNOLOGY  THIS  THESIS  IS 
RESPECTFULLY  SUBMITTED . 
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